emanating from an accessible locus in particular tissues, resulting in cell-specific repertoires of gene expression. Thus, functionally related genes may be found in physical proximity within the genome, but a given disease-associated locus may contain genes without etiological importance. This aspect of genome biology provides a rationale for assessing functional themes across GWAS loci, providing insight into disease mechanisms and guiding future research efforts by identifying particular genes that could be acting as conduits between association evidence and disease pathogenesis.
Pathway and network analyses are analytic methods that can generate specific mechanistic hypotheses by identifying sets of genes participating in common physiological processes. In order to better understand the biological implications of the AA GWAS statistical evidence, in this study we characterized functional patterns in genes across the GWAS loci by employing pathway analysis, gene ontology (GO) term enrichment analysis, and proteinprotein interaction (PPI) network construction.
We first compiled a list of protein coding genes located within a 1Mb window centered on the most significant SNP within each of the 14 GWAS loci (Table 1) using BIOMART in ENSEMBL (Smedley et al., 2015) , and identified 225 genes (Supplementary Table 1 ). We chose to use a 1 Mb window because chromatin capture experiments have identified autoimmune GWAS SNPs located within regions that engage in long-range interactions, interacting with genes, on average, located 118 Kb away. While these loops can range up to 1.5Mb, a window of 1Mb would capture 98% of interactions reported for autoimmune GWAS SNPs (Mifsud et al., 2015) . We included the HLA in this analysis, since this locus demonstrates among the most robust and strongest GWAS evidence. Furthermore, while this region of the genome is both gene dense and exhibits long-range LD confounding interpretation of association evidence, these features augment power to detect disease relevant relationships in pathway analyses.
For pathway and GO term analyses, the list of protein coding genes at AA GWAS loci was uploaded to the Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang da et al., 2009) . DAVID annotated 207 of the 225 genes, and included them in analyses (Supplementary Table 1 ). Twenty-seven pathways were then identified that are significantly enriched by genes at AA GWAS loci (Supplementary Table 2 ). Thirty-one genes from eight loci contributed to this evidence (Table 1 and Supplementary Table 1 ). All of these pathways involve immune system processes or immune-related diseases. Among these are: Antigen processing and presentation (p=2.6×10 −12 ), the Co-stimulatory pathway (p=1.3×10 −5 ), and JAK-STAT signaling (p=9.4×10 −4 ). It is interesting that one of the highest comorbidities among AA patients is included among enriched disease-related pathways: Autoimmune thyroid disease (p=3.1×10 −17 ). Some pathways with significant evidence for enrichment are not obviously related to disease, if we consider only their title, such as intestinal IgA production (p=3.9×10 −19 ), asthma (p=2.3×10 −18 ), and viral myocarditis (p=1.1×10 −09 ). However, underlying shared biological processes could be driving these results. For example antibody production, Th2 signatures, and innate immune responses are shared respectively between these diseases and AA.
An analysis of GO terms with DAVID revealed 81 biological processes enriched by protein coding genes at AA GWAS loci (Supplementary Table 3 ). This evidence was driven by 83 genes across all 14 loci (Table 1) . Similar to pathway analysis, many immune-related processes were implicated by this analysis, including antigen processing and presentation (GO:0019882; p=9.7×10 −21 ), regulation of T-cell activation (GO:0050863; p=1.5×10 −5 ) and differentiation (GO:0045580; p=4.1×10 −4 ), and regulation of the JAK-STAT signaling cascade (GO:0046425; p=0.01).
Gene mapping in Mendelian disorders has demonstrated that genes underlying the same disease often encode proteins that physically interact. DAPPLE is a computational tool that constructs PPI networks from genes that are associated with complex disease by drawing from curated protein interaction databases (Rossin et al., 2011) . DAPPLE identified 46 proteins from 13 AA GWAS loci that physically interact (Table 1) . Allowing the program to add in a single connecting protein creates a single highly connected network (p=0.002) of 148 GWAS genes from across all 14 loci (Figure 1; Supplementary Table 1 ).
Since the goal of this study is to identify disease-relevant processes revealed by GWAS evidence, we chose to include the HLA in this analysis. In order to empirically determine the effects of including this gene-dense region in our analysis, we repeated GO term enrichment and pathway analyses in DAVID excluding the HLA and found that p-values were not substantially different for the vast majority of results and our most clinically relevant findings, which support involvement of JAK-STAT signaling and co-stimulatory response, remain significant.
In this study, we used three different analytic techniques to discern etiological processes encoded by GWAS statistical evidence. In identifying enriched pathways, biological processes, and PPIs, 159 of the 225 genes were implicated. Consistent with evidence emerging from systems biology studies in gene expression, our analyses identified multiple genes at each loci (Table 1 ). The functions of these genes converge on a limited number of immunological pathways and processes, for example, by identifying antigen presentation and T-cell activation/differentiation. Our results additionally underscore contributions from the JAK-STAT signaling and the co-stimulatory pathway. These particular processes are capable of being modulated with available therapeutics, which we are currently studying within the context of clinical trials in AA, using JAK inhibitors and abatacept, respectively. Furthermore, these genes could be useful in our development of a biomarker panel, allowing us to prioritize transcriptional changes that occur over particular disease trajectories and/or during a therapeutic response. Finally, evidence obtained in this study can be integrated with results from next generation sequencing, providing a framework for the interpretation of variants harbored by patients and laying a foundation for precision medicine in AA.
Figure 1. PPI network of AA GWAS genes
We uploaded 226 AA GWAS genes into DAPPLE, a web-based computer program that identifies protein-protein interactions among sets of genes. Allowing the program to add in a single connecting protein (grey nodes) creates a single highly connected network (p=0.002) of 148 GWAS genes from across all 14 loci, including 46 GWAS genes whose proteins interact directly. Nodes for GWAS genes are color coded to indicate the statistical significance of their connectivity within the network (scale is located in the upper left hand corner). The number of nodes with connectivity that is weakly supported statistically may reflect the relatively small number of loci identified in AA (14), relative to other autoimmune diseases such as Inflammatory Bowel Disease, which has 163 GWAS loci (Jostins et al., 2012) . Table 1 AA GWAS loci GWAS in AA have implicated 14 genomic loci. For each region, we compiled a list of protein-coding genes within a 1 Mb window centered on the most significant SNP (proxy SNP), identifying a total of 226 genes (Gene Count). Genes that are identified in each of the three analyses presented here are listed in the last three columns. 
